A nanolipoprotein particle (NLP) is a lipid bilayer disc stabilized by two amphipathic "scaffold" apolipoproteins. It has been most notably utilized as a tool for solubilizing a variety of membrane proteins while preserving structural and functional properties. Transfer of functional proteins from NLPs into model membrane systems such as supported lipid bilayers (SLBs) would enable new opportunities for example: two-dimensional protein crystallization and studies on protein-protein interactions. This work used fluorescence microscopy (FM) and atomic force microscopy (AFM) to investigate the interaction between NLPs and SLBs. When incubated with SLBs, NLPs were found to spontaneously deliver lipid and protein cargo. The impact of membrane composition on lipid exchange was 1 explored, revealing a positive correlation between the magnitude of lipid transfer and concentration of defects in the target SLB. Incorporation of lipids capable of binding specifically to polyhistidine tags encoded into the apolipoproteins also boosted transfer of NLP cargo. Optimal conditions for lipid and protein delivery from NLPs to SLBs are proposed based on interaction mechanisms.
INTRODUCTION
Over the past two decades, the biomimetic nanolipoprotein particle (NLP) a.k.a. nanodisc 1 or reconstituted high-density lipoprotein (HDL) particle, has been steadily developed as a promising drug delivery vehicle 2-3 as well as a proficient tool for the expression and characterization of assorted membrane proteins. [4] [5] [6] Biocompatible and amenable to modification for enhanced serum stability, 7 NLPs emulate naturally occurring HDL particles, which transport lipidic cargo in the circulatory system. [8] [9] HDL particles are soluble lipoprotein complexes with cores comprised of triglycerides, cholesterol esters, and cholesterols, encapsulated by a phospholipid bilayer and secured by amphipathic apolipoproteins. 10 Apolipoproteins mediate interactions with plasma membrane surface receptors and enable delivery of cholesterol via selective cellular uptake pathways. 8, [11] [12] Additionally, they act as "scaffold" proteins that control particle size and structure.
In distinction from their biological HDL counterparts, ApoA1-based NLPs are discoidal lipid bilayers with an average thickness of 5 nm and diameters that range between 10 -30 nm depending on the specific apolipoprotein and its ratio compared to lipids. 4, [13] [14] [15] Each ApoA1-based NLP has two apolipoproteins that 2 insulate the hydrophobic core and dictate particle size. There are two popular methods for assembling NLPs in vitro. The first is reconstitution of apolipoprotein in the presence of lipids (vesicles) and detergent, 1, [16] [17] where gradual dilution of the detergent induces self-assembly of NLPs. The second is cell-free expression of apolipoprotein in the presence of lipids. Importantly, the NLP assembly techniques result in production of identical nanoparticles. 14 Since the apolipoprotein can be made to encode a polyhistidine tag, NLPs can be purified using straightforward affinity chromatography procedures. The principle advantage of cell-free expression is its capacity for simultaneous production of apolipoproteins and membrane proteins without the need for adding or removing detergents. 4 When co-expressed with NLPs, membrane proteins have been found to insert into NLP bilayers to form a stably solubilized membrane protein-NLP complexes (MP-NLPs).
Importantly, membrane proteins in MP-NLP complexes have been shown to retain their structure and functionality using the "One-Pot" cell-free approach. 5, 18 MP-NLP complexes have potential for broad utility in pharmaceuticals applications and in fundamental research on protein-protein and protein-lipid interactions. While strategies for preparation and characterization of proteins using high spatial resolution analytical techniques such as electron microscopy and X-ray crystallography have steadily improved, the crucial task of examining protein structure and functionality in native lipid environments remains a persistent challenge. 19 Even though membrane proteins make up over 60% of drug targets, 20 less than 1% of solved protein crystal structures are membrane proteins. 21 This is compelling motivation for development of broadly applicable, lipid-based 3 characterization platforms, especially amid growing evidence that lipids not only stabilize, 22 but regulate membrane protein activity. [23] [24] MP-NLPs offer one modality for examining properties of membrane proteins embedded in lipid bilayers. Several studies using NLPs to examine protein activity, 25 oligomerization, [26] [27] and diffusion dynamics 18, 28 have been reported.
Another platform that recapitulates physicochemical properties of native membranes is the supported lipid bilayer (SLB). Similar to NLPs, SLBs are powerful tools for studying membrane proteins because they allow for observation of protein-lipid interactions, 24, 29 protein-protein interactions, 30 conformational changes, and hydrophobic mismatch with high fidelity. 31 A SLB is a lipid bilayer that has been reconstituted on a solid, normally planar substrate such as silica or mica. 32 SLBs are generally more robust than freestanding bilayers. Further, SLBs are compatible with two-dimensional characterization methods including wide-field fluorescence microscopy (FM), electron microscopy, atomic force microscopy (AFM), and neutron or X-ray scattering. In addition, SLB lipid composition can be precisely tailored to simulate nano-to microscopic phase separation and lipid raft domains. 33 For studies on membrane proteins, SLBs can be modified with polymer cushions [34] [35] [36] to prevent unwanted interactions between embedded proteins and the underlying substrate. SLBs can also be micropatterned 37 to manipulate the spatial organization of associated molecules.
Mechanisms by which NLPs transfer lipids and proteins to and from other lipid constructs have been explored with bicelles 27, 38 and with other NLPs, 39 but scarcely with continuous bilayers. A recent study by Patriarchi et al. 40 showed that 4 NLPs could deliver functional β 2 -adrenergic receptor, a G-protein coupled receptor (GPCR), into the plasma membrane of living cells. However, the underlying mechanism behind the protein transfer process remains obscure. In this work, we used wide-field FM and AFM to determine the impacts of composition and the presence of defects on lipid cargo transfer from NLPs to SLBs.
MATERIALS AND METHODS

General Materials and Methods
MilliQ deionized water (resistivity ≥18 MΩ·cm) from a Barnstead water purification system (Thermo Fisher Scientific) was used in all protocols except cellfree expression, which utilized DNA-ase free water included in the Invitrogen Mica (Axim Mica) was freshly cleaved before use.
PAA Cushion Preparation
PAA cushions were prepared using spin-coating methods previously described by El-Khouri et al. 34 Basically, deposition solutions were prepared by dissolving PAA (450k MW, 0.1% cross-linked, Sigma-Aldrich, Inc.) in methanol (≥ 99% purity, Sigma-Aldrich) at a concentration of 1 mg/mL. To enable covalent grafting of polymer chains to the silica substrate, coverslip surfaces were initially functionalized with aminopropyltriethoxysilane (APTES, Gelest, Inc.) by solution deposition in toluene (≥ 99% purity, Sigma-Aldrich). The PAA cushion was then formed by spin-coating and subsequent curing. Finally, PAA substrates were 6 immersed in Tris buffer (pH 9) to convert anhydrides to carboxylates and relieve mechanical stresses in the polymer layer. As previously reported, 34 cushion thickness can be modified by altering the concentration of the PAA in the spincoating solution. The technique of UV-Ozone photolithography was used to pattern PAA cushions into arrays of 100 -200 μm squares. Areas exposed during photolithography were subsequently treated with AquaSil siliconizing fluid (Thermo Fisher Scientific) to render them resistant to nonspecific protein adsorption.
Additional details for PAA-cushion preparation is provided in the Supporting Information.
SLB Sample Preparation
SLBs were deposited on bare glass coverslips (Thermo Fisher Scientific) or freshly cleaved mica (Axim Mica) using vesicle fusion, Langmuir-Blodgett (LB)-LB deposition, or LB-Langmuir-Schaeffer (LS) deposition. In LB-LB deposition, each leaflet was added by moving the substrate vertically through a compressed lipid monolayer at an air-water interface. In LB-LS deposition, the outer leaflet was transferred by lowering the substrate through the air-water interface oriented parallel to the monolayer. 32, 41 Details on methods used to produce each SLB are summarized in Table S1 in Supporting Information. 
Vesicle Sample Preparation
NLP Assembly from Lyophilized Apolipoprotein
The NLPs stabilized with membrane scaffold protein MSP1D1 (MSP1D1-NLPs)
were assembled using methods adopted from the process described by Zeno et al. 42 In 
NLP Assembly using Cell-Free Expression
The NLPs stabilized with apolipoprotein Δ49ApoA1 (Δ49ApoA1-NLPs) and
with embedded receptor tyrosine kinase CLIP-ErbB2/HER2 (CLIP-ErbB2-NLPs) were prepared using cell-free expression methods described by He et al. 5 The cell-free reaction was carried out using the Invitrogen Expressway TM Maxi Cell-Free E. coli 8 Expression System (Thermo Fisher Scientific 2.49. Figure 1 shows Figure S3 ). Furthermore, the intensity measurements of SLBs incubated with vesicles were often artificially enhanced by the presence of adsorbed vesicles on the surface (see Supporting Information Figure S4 ). Taken together, these results demonstrate that NLPs offer an improvement over vesicle incubation and are a viable delivery vehicle for transferring small biomolecules such as lipids to a 13 variety of SLB compositions. Exchange is optimized in the presence of defects or, when defects are suppressed, the presence of specific, NLP binding lipids at the SLB surface.
NLP Incubation with SLBs
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RESULTS
Impact of SLB Composition on Lipid Exchange
AFM of SLBs Incubated with NLPs
Topographic images acquired by AFM suggest a highly complex mechanism of interaction between NLPs and SLBs. Figure 3 shows Figure 5A shows FM images of a patterned PAA-cushioned membrane labeled with OG-DHPE. As seen in Figure 5B 15 strength, the polymer assumes a collapsed structure where lateral diffusivity in the supported bilayer can be reduced by several orders of magnitude compared to a fluid bilayer supported on an oxide substrate. 34 While not done in this experiment, it is possible to induce mobility in PAA-cushioned SLBs by adjusting the pH to 7.4 or higher. Under neutral to alkaline conditions, coupling between the cushion and the lipid bilayer becomes weakened as ionization of PAA chains causes the former to swell with water. 34 Note that effective pH equilibration requires that ions be able to diffuse into the water layer between the membrane and underlying substrate.
Lipid Transfer between NLPs and PAA-Cushioned SLBs
However, a tightly packed, continuous bilayer may effectively "seal" the PAA cushion from the bulk solution. This issue could be circumvented by introducing defects or channels into the membrane. Straightforward methods for doing so include, patterning, thermal cycling, and incorporation of transmembrane channel proteins such as gramicidin. In general, pH-sensitive membranes such as PAAcushioned SLBs offer a convenient mode of controlling the diffusivity of proteins in model systems through minor adjustments to solution pH.
Mechanisms of Transfer
Enhanced transfer in samples with more defects and containing DOGS-NTA suggests that materials delivery from NLPs can be regulated by the target lipid environment and by the presence of apolipoprotein-binding molecules. These results are in accord with previous studies on lipid exchange between NLPs and other biomimetic lipid systems. [38] [39] Still, the vast parameter space around this complex interaction makes it difficult to define an exact mechanism. Given the scarcity of information pertaining to NLP-SLB systems, tangential research from 16 HDL particles may provide clues on the range of behaviors that might be further explored. In biological systems, HDL particles are thought to deliver lipids directly to cell membranes upon binding with the scavenger receptor, class B type 1 (SR-B1). [44] [45] Importantly, lipid uptake is selective and does not compromise the structural fidelity of the HDL particle when mediated by SR-B1. 11 Yet in another independent study on model membranes, HDL particles appear to integrate upon contact even in the absence of surface receptors. 8 Further, associated apolipoproteins do not appear to discriminate between different types of lipid domains. 46 Unsurprisingly, NLPs exhibit similar capacity for cargo delivery through either specific or non-specific interactions with SLBs. In the case of the latter, carefully. While we did not closely examine NLP stability under varied ionic strength conditions, we found that NLPs tended to aggregate in deionized water and therefore recommend that they be stored in solutions with sufficiently high ionic strength (> 100 mM). In general, NLP aggregates can be dispersed by quick sonication, vortexing, or rapid pipetting.
In conclusion, this work shows that NLP-mediated transfer can be used to introduce lipids and membrane proteins into SLBs under well-defined conditions.
Next steps should focus on transfer of different membrane proteins to SLBs, with special attention paid to target membrane composition to maximize loading.
Equally important will be verification of the structural fidelity and functionality of ErbB2/HER2 after delivery, likely through observation of domain recognition and binding by fluorescently labeled antibodies.
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